The present work is to design a passive pitch-control mechanism for small horizontal axis wind turbine (HAWT) to generate stable power at high wind speeds. The mechanism uses a disk pulley as an actuator to passively adjust the pitch angle of blades by centrifugal force. For this design, aerodynamic braking is caused by the adjustment of pitch angles at high wind speeds. As a marked advantage, this does not require mechanical brakes that would incur electrical burn-out and structural failure under high speed rotation. This can ensure the survival of blades and generator in sever operation environments. In this paper, the analysis uses blade element momentum theory (BEMT) to develop graphical user interface software to facilitate the performance assessment of the small-scale HAWT using passive pitch control (PPC). For verification, the HAWT system was tested in a full-scale wind tunnel for its aerodynamic performance. At low wind speeds, this system performed the same as usual, yet at high wind speeds, the equipped PPC system can effectively reduce the rotational speed to generate stable power.
Introduction
Nowadays, it has been widely recognized that wind is one of the promising green energy sources for its non-regional availability. This has driven significant resource efforts devoted to the study of wind energy (e.g., [1] [2] [3] ). In principal, there are two major classifications for wind turbines, namely vertical axis wind turbine (VAWT) and horizontal axis wind turbine (HAWT). Typically, a VAWT can generate more power at a relatively low wind speed in urban areas compared to the HAWT. Nevertheless, when they both operate at the same wind speed, a HAWT is expected to generate more power since the aerodynamic drag is less and the entire rotation of all blades receives more wind power. Currently, small-scale wind turbines are gaining more attention due to the fact that rising energy costs have driven the consumer to seek alternative solutions of independent power supply. Despite the high efficiency of the HAWT, its main drawback is the potential risk of circuit burnout or structural failure when the wind speed exceeds its critical value. The present research is to provide a solution to this problem of the small-scale HAWT by an innovative passive pitch-control mechanism.
Over the years, there are various solutions proposed, including the short-circuit braking system, Choudhry et al. [4] has outlined the control requirements for dynamic stall [5] for wind turbines, where three passive control methodologies have been investigated. By applying this approach of dynamic stall control, Yen and Ahmed [6] showed synthetic jet actuation to be effective for a vertical axis wind turbine (VAWT). By the stall-controlled approach, the system may sustain its stable operation 
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Theoretical Modeling of Blade Design
Our blade design is based on BEMT, which has been widely applied in industry for the blade design of wind turbines. The flowchart collating the blade design process according to [21, 22] is shown in Figure 3a . Table 1 lists all parameters for this blade design. Figure 3b shows the prototype and the CAD drawing of the blade design following processes depicted by the flowchart. Table 2 lists all designed values of chord lengths and pitch angles for ten sections of the airfoil SD8000 [20] as shown in Figure 4a . All defined angles are indicated in Figure 4b , where a is the axial induction factor and a' is the angular induction factor. 
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Theoretical Modeling of Blade Design
Our blade design is based on BEMT, which has been widely applied in industry for the blade design of wind turbines. The flowchart collating the blade design process according to [21, 22] is shown in Figure 3a . Table 1 lists all parameters for this blade design. Figure 3b shows the prototype and the CAD drawing of the blade design following processes depicted by the flowchart. Table 2 lists all designed values of chord lengths and pitch angles for ten sections of the airfoil SD8000 [20] as shown in Figure 4a . All defined angles are indicated in Figure 4b , where a is the axial induction factor and a 1 is the angular induction factor. Principally, the effective radius of rotation R [21] [22] [23] [24] [25] is determined by: Principally, the effective radius of rotation R [21] [22] [23] [24] [25] is determined by: 
The tip speed ratio (TSR) of the system, denoted by λ [21] [22] [23] [24] [25] here, is defined by:
which is 3.7 for the present design. The speed ratio for each blade section [21] [22] [23] [24] [25] is:
where r is the rotational radius of each blade section as defined in Table 2 . Then, the tip speed ratio at each section given in Equation (3) can be substituted into the following equation to give the local inflow angle by [21] [22] [23] [24] [25] :
For giving more detailed derivations, consider the Figure 4b . From the figure, one may readily have the following relationships from geometrical considerations [21] [22] [23] [24] [25] :
For the case when a 1 = 0 (no wake rotation) and a = 1/3 (the Betz optimum rotor) [21] [22] [23] [24] [25] , one obtains:
Thus, the values of λ r and ϕ obtained above can be further substituted into the following equation to give the corresponding cord length c [21] [22] [23] [24] [25] :
For gaining optimal performance, the angle of attack α should be selected to achieve its maximum lift-to-drag ratio. With reference to Figure 4b , the pitch angle of blade [21] [22] [23] [24] [25] for each section of the rotor is:
A piece of GUI-software, called HAWT-Blade, was developed in MATLAB, where all pertinent formulas in Equations (1)-(8) are integrated altogether, as shown in Figure 5 . As can be observed from this figure, the pitch angles and chord lengths near the root are modified for the prototype design. This is mainly due to the large pitch angles and chord lengths near that area, which would cause manufacturing difficulties and overweight of the blade; however, their contributions to the overall resulting torque are very trivial. 
GUI of Blade Performance Development
Having provided all design parameters for the blade design, one may then calculate the resulting torque Q [21] [22] [23] [24] [25] by:
where Δ denotes the constant interval length between two consecutive sections,
represents the lift/drag coefficient of the i-th section, i is the local inflow angle of the i-th section, ci and ri stand for the cord length and the rotational radius of the i-th section, respectively. Another piece of GUIsoftware, called HAWT-Perform, was developed using Equation (9) to calculate the output torque. Figure 6 is the GUI of HAWT-Perform, showing such analysis of the resulting torque, output mechanical power, and the corresponding Cp (power coefficient) of the blade design. As displayed in Figure 6 , one may readily obtain corresponding performance curves with an input of pitch control angle for a known geometry of a blade design. From this, it may be easily 
where ∆ denotes the constant interval length between two consecutive sections, C piq L /C piq D represents the lift/drag coefficient of the i-th section, φ i is the local inflow angle of the i-th section, c i and r i stand for the cord length and the rotational radius of the i-th section, respectively. Another piece of GUI-software, called HAWT-Perform, was developed using Equation (9) to calculate the output torque. Figure 6 is the GUI of HAWT-Perform, showing such analysis of the resulting torque, output mechanical power, and the corresponding Cp (power coefficient) of the blade design. 
represents the lift/drag coefficient of the i-th section, i is the local inflow angle of the i-th section, ci and ri stand for the cord length and the rotational radius of the i-th section, respectively. Another piece of GUIsoftware, called HAWT-Perform, was developed using Equation (9) to calculate the output torque. Figure 6 is the GUI of HAWT-Perform, showing such analysis of the resulting torque, output mechanical power, and the corresponding Cp (power coefficient) of the blade design. As displayed in Figure 6 , one may readily obtain corresponding performance curves with an input of pitch control angle for a known geometry of a blade design. From this, it may be easily As displayed in Figure 6 , one may readily obtain corresponding performance curves with an input of pitch control angle for a known geometry of a blade design. From this, it may be easily observed how the variation of pitch control angle affects the resulting performance curves. Just as independent examples for demonstrations, the pitch control angles 0˝/10˝/20˝/30˝were input separately in HAWT-Perform for wind speed equaling 12 m/s. Each set of outcomes are recorded and plotted in Figure 7a ,b for the power coefficients and torques, respectively. From these plots, it is evident that the system shall work with reduced torque and power coefficients. The issue remains to design a proper mechanism to adjust pitch control angles at high wind speeds in a passive way. Before elaborating this point of designing the mechanism, it is important to grasp the effect of changing pitch control angle on the resulting flow field around blade, which will be addressed next.
Energies 2016, 9, 353 7 of 13 observed how the variation of pitch control angle affects the resulting performance curves. Just as independent examples for demonstrations, the pitch control angles 0°/10°/20°/30° were input separately in HAWT-Perform for wind speed equaling 12 m/s. Each set of outcomes are recorded and plotted in Figure 7a ,b for the power coefficients and torques, respectively. From these plots, it is evident that the system shall work with reduced torque and power coefficients. The issue remains to design a proper mechanism to adjust pitch control angles at high wind speeds in a passive way. Before elaborating this point of designing the mechanism, it is important to grasp the effect of changing pitch control angle on the resulting flow field around blade, which will be addressed next.
(a) (b) 
Mechanical Design of Pitch Control
In principal, the pitch-control mechanism can be broadly categorized into two kinds: active control and passive control. The former requires delicate electro-mechanical designs with relatively high costs, while the latter is less costly with a simpler design. The most obvious merit of using a passive pitch control is its reliability when operating under sever conditions. There are several designs of passive pitch control proposed over the years. The novel design of this present work employs a disk pulley combined with newly-designed shift-drive components to achieve the goal of passively controlling the pitch angle of turbine blades. In what follows, details of the motion principal along with the functions of each component will be elaborated next.
Principle of Motion
Verifying by the foregoing analyses by theories, one may proceed with the process to design the mechanism of the passive pitch control system. As functioning in motor scooters, the disk pulley can be applied for this purpose. To meet this working requirement, a disk pulley mechanism has been designed as shown in Figure 8a . When in operation, rotors of the blade start to rotate, and as a result, centrifugal forces are produced to drive the disk to move forward (Figure 8a ). With the forward moving of the disk pulley at high rotational speeds, pitch angles of the blades are adjusted by an assemblage of bearings. Figure 8b shows pictures of the HAWT blades when the disk pulley triggers the rotation at the pitch angle 90°. From Figure 8b , one may clearly see how the disk pulley functions to control the pitch angle. 
Mechanical Design of Pitch Control
Principle of Motion
Verifying by the foregoing analyses by theories, one may proceed with the process to design the mechanism of the passive pitch control system. As functioning in motor scooters, the disk pulley can be applied for this purpose. To meet this working requirement, a disk pulley mechanism has been designed as shown in Figure 8a . When in operation, rotors of the blade start to rotate, and as a result, centrifugal forces are produced to drive the disk to move forward (Figure 8a ). With the forward moving of the disk pulley at high rotational speeds, pitch angles of the blades are adjusted by an assemblage of bearings. Figure 8b shows pictures of the HAWT blades when the disk pulley triggers the rotation at the pitch angle 90˝. From Figure 8b , one may clearly see how the disk pulley functions to control the pitch angle. 
Components Function
When the disk pulley operates under high-speed rotation, weight rollers in the disk will be pushed toward the outside wall by the centrifugal force and then drive the blades to rotate by both a cam-bearing and a linear bearing ( Figure 9 ). As displayed in Figure 9 , the complete system consists of five main components, namely the disk pulley, bearings, spring, torque sensor, and the blades. In most practice, active pitch control is generally applied with various types of gears powered by servomotors to change pitch angle (e.g., [7] ). This design of power transmission by gears generally faces a problem of assemblage and backlash. To improve the conventional design of gears, this system adopts linear bearings, cam bearings, and ball bearings to alter the direction of movement. The cam bearing is designed to displace along the planned track to drive blades to rotate. Additionally, a spring unit is placed at the center to resist the rigid motion of the disk pulley and to position it back to the original place when the rotation slows down at low rpms.
According to each respective working function, the PPC system mainly consists of four subsystems, including (1) the pulley system; (2) the forward-moving system; (3) the shift-drive system; and (4) the position-recovering system. For the sub-system (1), the main part is the disk pulley applied in scooters. As shown in Figure 10 , there are six weight rollers placed inside the disk. Figure 8a schematically depicts the forward motion of the disk pulley driven by the weight rollers when subjected to high-speed rotation. Being connected to the disk pulley, the linear bearing of the subsystem (2) is, thus, driven to move forward. The sub-system (3) consists of the ball bearing and the cam bearing, functioning to replace the conventional design of a rack and pinion. For this sub-system, the moving force conveyed from (2) is used to turn the rotors and then adjust the pitch angles. By this, the shortcoming of requiring tolerance precision when applying the conventional mechanism of rack and pinion can be overcome. Sub-system (4) includes the components of a spring and an adjustable nut. The spring functions to recover the sub-systems back to their original positions; the nut is used to adjust the resistance force, controlling the triggering speed of rotation for adjusting pitch angle. 
When the disk pulley operates under high-speed rotation, weight rollers in the disk will be pushed toward the outside wall by the centrifugal force and then drive the blades to rotate by both a cam-bearing and a linear bearing ( Figure 9 ). As displayed in Figure 9 , the complete system consists of five main components, namely the disk pulley, bearings, spring, torque sensor, and the blades. In most practice, active pitch control is generally applied with various types of gears powered by servo-motors to change pitch angle (e.g., [7] ). This design of power transmission by gears generally faces a problem of assemblage and backlash. To improve the conventional design of gears, this system adopts linear bearings, cam bearings, and ball bearings to alter the direction of movement. The cam bearing is designed to displace along the planned track to drive blades to rotate. Additionally, a spring unit is placed at the center to resist the rigid motion of the disk pulley and to position it back to the original place when the rotation slows down at low rpms.
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Experiment of ABRI Wind Tunnel
After confirmation of the performance curves, the wind turbine system was manufactured and experimented in the ABRI (Architecture and Building Research Institute: Tainan, Taiwan) wind tunnel ( Figure 11 ) to measure the generator voltage, current, and torque. The ABRI environment wind tunnel at the National Cheng Kung University (Tainan, Taiwan) was employed to test the aerodynamic performance of the full scale rotor models. This wind tunnel is a closed-circuit type with major components schematically shown in Figure 12 . 
After confirmation of the performance curves, the wind turbine system was manufactured and experimented in the ABRI (Architecture and Building Research Institute: Tainan, Taiwan) wind tunnel ( Figure 11 ) to measure the generator voltage, current, and torque. The ABRI environment wind tunnel at the National Cheng Kung University (Tainan, Taiwan) was employed to test the aerodynamic performance of the full scale rotor models. This wind tunnel is a closed-circuit type with major components schematically shown in Figure 12 . The test section is 36.5 m long with cross-section dimensions of 4.0 m × 2.6 m. The maximum wind speed in the test section is 36 m/s. This wind tunnel has been verified for many parameters, including structure vibration, temperature, stability, flow uniformity, turbulence intensity, flow angularity, and boundary layer thickness. The mean flow uniformity is about 0.37% and the turbulence intensity is less than 0.25% as well as the boundary layer thickness is about 60 mm at the inlet cross-section. The average flow angularity of the pitch and yaw angles are, respectively, about 70.415° and 70.97° below the wind speed of 20 m/s. A pitot-static tube was installed to measure the free stream velocity in the test section because it is stable, accurate, and convenient to calibrate. The variable reluctance pressure transducer is connected to the pitot-static tube and converts the pressure difference between the total pressure and the static pressure into electric voltage. The small analog signal was then amplified and converted using an analog/digital converter. The pressure transducer was calibrated by a micro manometer and verified before the experiments. The flow speed in the test section was calculated based on the incompressible steady Bernoulli's equation.
For the prototype to function properly in the ABRI wind tunnel, the choice of 21.5 g per single weight roller was made and there were six pieces in all. Additionally, the spring coefficient was chosen to be 260 (N/m) as the companioned design parameter. Under these test conditions, the PPC system started to work at the wind speed 8 m/s below its rated wind speed (12 m/s). For providing comparative data, the same experiment was repeated for the HAWT system, yet with its pitch fixed by a screw (Figure 9 ), denoted here by PF-system. Since the both experiments of PF/PPC-system were conducted for the same prototype, no issue of different hub-weight needs to concern such that the performance difference between the both could be experimentally identified for various wind speeds. The test section is 36.5 m long with cross-section dimensions of 4.0 m × 2.6 m. The maximum wind speed in the test section is 36 m/s. This wind tunnel has been verified for many parameters, including structure vibration, temperature, stability, flow uniformity, turbulence intensity, flow angularity, and boundary layer thickness. The mean flow uniformity is about 0.37% and the turbulence intensity is less than 0.25% as well as the boundary layer thickness is about 60 mm at the inlet cross-section. The average flow angularity of the pitch and yaw angles are, respectively, about 70.415° and 70.97° below the wind speed of 20 m/s. A pitot-static tube was installed to measure the free stream velocity in the test section because it is stable, accurate, and convenient to calibrate. The variable reluctance pressure transducer is connected to the pitot-static tube and converts the pressure difference between the total pressure and the static pressure into electric voltage. The small analog signal was then amplified and converted using an analog/digital converter. The pressure transducer was calibrated by a micro manometer and verified before the experiments. The flow speed in the test section was calculated based on the incompressible steady Bernoulli's equation.
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For the prototype to function properly in the ABRI wind tunnel, the choice of 21.5 g per single weight roller was made and there were six pieces in all. Additionally, the spring coefficient was chosen to be 260 (N/m) as the companioned design parameter. Under these test conditions, the PPC system started to work at the wind speed 8 m/s below its rated wind speed (12 m/s). For providing comparative data, the same experiment was repeated for the HAWT system, yet with its pitch fixed by a screw (Figure 9 ), denoted here by PF-system. Since the both experiments of PF/PPC-system were conducted for the same prototype, no issue of different hub-weight needs to concern such that the performance difference between the both could be experimentally identified for various wind speeds. Figure 13 shows the electric output powers and RPM of the both systems at various wind speeds. As can be observed from this figure, both started to generate power at 4 m/s. Additionally, it is evident to see the difference of the both once the wind speed reached 8 m/s when the PPC-system started to work. To our expectation, the PPC-system functioned properly in accordance with the original design whereas, in contrast, the PF-system output power in a manner of cubic growth with the wind speed. At this point now, it is very clear that operation of the small HAWT system is very dangerous, particularly when its electric controller malfunctions; at high wind speeds, the system may either break down with its generator burned out for overloading or fall apart from the great centrifugal force. As can be observed from Figure 13 , the PPC-system started functioning to protect the system at wind speed reaching 6 m/s. Under the no-loading condition, the stable rotation speed of the PPC-system is at 720 rpm, when operating with the maximum power, the PPC-system generates stable power at about 500-550 rpm.
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Conclusions
Under operation at high wind speeds, the small-scale HAWT system will be subjected to aerodynamic overloading that may cause burning out of its generator and/or structural breakdown. There are several techniques to protect the system from the overloading condition. In this article, an innovative disk pulley mechanism is designed to protect the small-scale HAWT system by passive control of the blade pitch angle according to the rotation speed. The theoretical analysis was performed using our self-developed GUI software, called "HAWT-Perform", which can be used to predict the blade performance. Through the theoretical analysis of HAWT-Perform, one may learn the significant performance change when blade pitch angle is adjusted by our disk pulley mechanism. For verification, experiments were carried out for a HAWT prototype with blades (using a SD8000 airfoil) designed by BEMT. From the experiments, one may learn the performance change from the use of our PPC system. This PPC system is featured with the advantages of great reliability, easy maintenance, and low cost. The present work simply determines a feasible approach to protect the small-scale HAWT; however, more extensive studies are required regarding the design parameters of the disk pulley mechanism to match different HAWT systems with other output powers.
